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ABSTRACT
Linear friction welding (LFW) is a solid-state joining process that significantly reduces man-
ufacturing costs when fabricating Ti–6Al–4V aircraft components. This article describes the
development of a novel 3D LFW process model for joining Ti–6Al–4V. Displacement histories
were taken fromexperiments andusedasmodelling inputs; herein is thenoveltyof theapproach,
which resulted in decreased computational time and memory storage requirements. In gen-
eral, the models captured the experimental weld phenomena and showed that the thermo-
mechanically affected zone and interface temperature are reduced when the workpieces are
oscillated along the shorter of the two interface contact dimensions. Moreover, the models
showed that unbonded regions occur at the corners of the weld interface, which are eliminated
by increasing the burn-off.
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Introduction
Linear friction welding (LFW) is a solid-state joining
technology that is commercially established for fabri-
cating titanium alloy integrated bladed disks (Blisks)
for the aerospace industry [1,2]. Figure 1(a) shows
an example of a blisk fabricated by the LFW pro-
cess. Owing to the many benefits the process offers,
it is finding increasing interest for the manufacture
of Ti–6Al–4V aircraft structural components. Com-
ponents machined from a solid block are expensive
owing to the proportionally large amount of mate-
rial that is purchased compared to the amount that
remains after machining [3]. LFW reduces the material
required tomake a component by joining smaller work-
pieces to produce a preform, which is subsequently
machined to the desired dimensions [1,4], as shown in
Figure 1(b). This brings substantial improvements to
buy-to-fly ratios, which significantly reduces manufac-
turing costs [1,2,5]. The linear friction welded compo-
nents also have a comparable strength and quality to
machined parts [6]. Despite the increased interest, the
process has experienced limited industrial implemen-
tation outside of blisk manufacture [7,8]. This is partly
due to limited process understanding.
LFW works by oscillating one workpiece relative
to another while under a compressive force [9–12].
Although a continuous process, Vairis and Frost [10]
noticed that LFW occurs over four unique phases:
• Phase 1 – initial: Microscopic contact exists between
asperities on the two surfaces to be joined and heat
is generated owing to friction. The asperities soften
and deform, increasing the true area of contact
between the workpieces. Negligible axial shortening
(burn-off) in the direction of the applied force is
observed during this phase.
• Phase 2 – transition: The heat due to friction causes
the interface material to plasticise and become
highly viscous. This causes the true area of contact
between the workpieces to increase to 100% of the
cross-sectional area. Heat conducts away from the
interface, softening more material, and the burn-off
begins to occur owing to the expulsion of the viscous
material from the weld interface.
• Phase 3 – equilibrium: A quasi-steady-state condi-
tion is achieved and the axial shortening (burn-off)
occurs at a nearly constant rate through the rapid
expulsion of interface material, forming the flash.
• Phase 4 – deceleration and forging: The relative
motion is ceased and the workpieces are aligned. In
some applications, an additional increased forging
force may be applied to help consolidate the weld.
Owing to the rapid nature of LFW, it is often
difficult to understand the process using experi-
ments alone. Numerical modelling offers a pragmatic
method for understanding the flash formation, inter-
face contaminant removal and the thermal histories,
helping researchers to better understand the process
[1,5,13,14]. Much of the numerical modelling work on
Ti–6Al–4V consists of 2D models, which have been
shown to successfully provide an adequate insight into
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Figure 1. (a) A blisk fabricated by LFW and (b) a fabrication
of a Ti–6Al–4V preform using the LFW process. The as-welded
structure can be seen on the left side of the ﬁgure and the ﬁnal
machined component on the right. Images courtesy of TWI.
many of the phenomena associated with LFW. The
main advantage of 2D models is the quicker simula-
tion times, owing to the reduced element count and
terms included in the heat and mass flow equations.
This makes 2D models particularly suitable for para-
metric studies. However, by their nature, these models
are unable to replicate the flash in the direction perpen-
dicular to the direction of oscillation, therefore limiting
full process behaviour understanding [5]. There is a
need to use 3D models to provide a qualitative insight
into the full multi-directional flow behaviour, partic-
ularly to understand the flow at the corners of the
workpieces – something 2D models cannot do. Con-
sequently, during the last few years, considerable effort
has been made to develop 3D LFW process models to
give better process insight. For example, Fratini et al.
[15] used 3D models of steel workpieces to investigate
the effects of the process input parameters on the weld
temperature. The work showed that the temperature
increases with the frequency and pressure. In contrast,
Li et al. [16] modelled steel workpieces and found the
interface temperature during phase 3 to be relatively
insensitive to the processing conditions. Grujicic et al.
[17–19] developed a 3D LFW process model to investi-
gate the microstructural evolution in Ti–6Al–4V welds
and precipitation-hardened martensitic stainless steel
welds. The results were found to be in good agreement
with experimental counterparts. Sorina-Müller et al.
[20] developed a 3D model to compare the weld tem-
peratures of a ‘prismatic’ and a ‘blade-like’ geometry
for Ti–6Al–2Sn–4Cr–6Mo; the larger prismatic geom-
etry had a higher interface temperature. Li et al. [21]
analysed high-speed photography of the LFW process
and noted that the workpieces do not oscillate in a
rigid manner. In fact, it was noticed that the work-
pieces canmove in the tooling, which generates a ‘micro
swing’ effect. A 3D LFW process model was produced
to investigate this effect for Ti–6Al–4Vwelds. Themod-
els showed that the burn-off rate increased with larger
angles of micro-swing, which was due to one work-
piece digging further into the other and extrudingmore
material per cycle. According to Li et al. [21], the dif-
ferent micro-swinging angles had negligible effect on
the interface temperature at the centre of the weld. Bik-
meyev et al. [22] used a 3D model to investigate the
mechanisms behind the formation of the plasticised
layer (start of phase 2). The model demonstrated that
the plasticised layer initially forms at the centre of the
weld, which was confirmed with experiments. Niki-
forov et al. [23] and Bühr et al. [24] used a 3D approach
to investigate residual stress formation in Ti–6Al–4V
linear friction welds. The results showed that residual
stresses can be minimised by appropriate selection of
the process inputs, with higher applied pressures and
lower rubbing velocities reducing the peak tensile stress
values.
The present article reports on the development of a
novel 3D LFW process model for joining Ti–6Al–4V.
The purpose of the article is twofold. The first is to
provide insight into the effects of the workpiece geome-
try on the multi-directional material flow behaviour of
Ti–6Al–4V welds. The second is to inform the reader
of the novel modelling approach benefits, hopefully
providing a platform on which further 3D modelling
investigations may be based.
Methodology
Experimental
Several experiments were completed to provide input
and comparison data for the models discussed in
the subsequent sections. The workpiece geometry and
experimental conditions used are displayed in Figure 2
and Table 1, respectively. For Table 1, the average rub-
bing velocity, vr, was defined as
vr = 4 · A · f (1)
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Figure 2. Workpiece dimensions where the oscillatory motion
took place in the: (a) ‘x’ direction and (b) ‘y’ direction. Note that
60mm represents the height of a single workpiece.
The Ti–6Al–4V workpieces used for the experiments
had a bimodal alpha–beta microstructure. All of the
experiments were completed using the FW34 LFW
machine at TWI, Cambridge, UK. Before welding, the
workpieces were cleaned with acetone.
The amplitude and burn-off displacement histories
were recorded from the experiments. These values from
phase 2 onwards were used as input data for themodels,
as will be discussed in section ‘Plastic flow model’.
Metallographic samples were produced from the
experimentalwelds. The sectioned samplesweremounted
and then ground using 240, 1200, 2500 and 4000 grit
silicon carbide papers. After grinding, the sectioned
samples were polished using colloidal silica on amicro-
cloth and etched using a 3% hydrofluoric acid solu-
tion. The metallographic samples were viewed under
a refractive microscope to determine the extent of the
thermo-mechanically affected zone (TMAZ) so that
comparisons with the models could be made.
Development of a 3Dmodel
McAndrew et al. [1,4,5] previously reviewed the differ-
ent LFW finite element analysis (FEA) approaches that
are documented in the literature. An increasingly pop-
ular approach for the modelling of titanium alloys –
specifically Ti–6Al–4V – is the ‘single-body approach’
[1,5,13,25,26]. This approach is based on the following
theory: Before phase 2 takes place, there is negligible
macroscopic plastic deformation. Once phase 2 begins,
the process may be modelled as a single body owing
to there being approximately 100% true interface con-
tact. A temperature profile needs to be mapped onto
the single body model to account for the heat gener-
ated during phase 1. The high temperature at the region
corresponding to the weld interface allows the mate-
rial at the centre of the model to deform in preference
to the cooler surrounding material, allowing the sin-
gle body to represent two individual workpieces. Owing
to the adhesion of the interface material being mod-
elled, much better replications of the flash morphology
are produced. The ‘single-body approach’ forms the
basis for the 3D model in this work. Consequently, the
modelling work is discussed in two sections. First, a
purely thermal model to account for the heating of the
workpieces during phase 1, and second, a plastic flow
model to account for the material flow during the oscil-
latory motion, i.e. phases 2, 3 and 4. The FEA software
package DEFORM V.11 was used for the modelling
work.
Thermalmodel
The thermal model presented in this paper is based
on the same approach used in previous work [1,5,14].
This initially involved modelling the workpieces with
a 2D model, the geometry of which is displayed in
Figure 3(a). The workpiece contact with the tooling
extended to within 5mm of the weld interface as
occurred in the experiments. A uniform mesh size
of 0.5mm was used across the model. Temperature-
dependent thermal conductivity, specific heat and
emissivity data from the DEFORM software’s library
were used [27]. The convective heat transfer coefficient
was assumed [13] to be 10W/(m2 K); and the con-
ductive heat transfer coefficient with the tooling was
assumed [13] to be of 10 000W/(m2 K). The temper-
ature of the environment was assumed to be 20°C.
A uniform heat flux (Q) was applied across most of
the workpiece interface which was linearly reduced to
50% of this value from an amplitude (A) away from
the edge as shown in Figure 3(a). The reduction at the
edges was due to the sinusoidal movement of the work-
pieces – the point at the corner was only in contact
with the other workpiece 50% of the time. The heat flux
was determined by dividing the average power input for
phase 1 – see equation (2) – by the average in-contact
interface area of the workpieces determined in previous
publications [1,14].
Average phase 1 power(kW)
= −18.26366 + 0.32678 ∗ f + 9.27832 ∗ A
+ 0.061476 ∗ Fa + 0.087638 ∗ f ∗ A
Table 1. Experiment conditions.
Weld
Frequency
(Hz)
Amplitude
(mm)
Average rubbing
velocity (mm s−1) Force (kN)
Burn-oﬀ
(mm)
Oscillatory motion
direction
1 50 2.7 540 100 3 Figure 2(a)
2 50 2.7 540 100 3 Figure 2(b)
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Figure 3. Developed 2D thermalmodel showing: (a) the heat ﬂux approach and (b) a 3D illustration of the thermal proﬁle generated
at the end of phase 1.
− 4.21790 ∗ 10−4 ∗ f ∗ Fa − 2.33759 ∗ 10−3 ∗ f 2
− 1.93524 ∗ A2 (2)
where A is the amplitude (mm), f is the frequency (Hz)
and Fa is the applied force (kN).
The interface temperature at the end of phase 1, irre-
spective of the process inputs, has been shown to reach
approximately 1000°C for Ti–6Al–4V linear friction
welds [14]; consequently, the heat flux was applied until
the elements at the interface had achieved this temper-
ature. Once complete, the results from the 2D models
were extruded into the third dimension to give full geo-
metric representation of the conditions in Figure 2. This
was deemed an acceptable approach as previous 3D
LFW process models have shown that there is minimal
difference in the temperature profile transverse to the
direction of oscillation during the early stages of the
process [18]. Figure 3(b) illustrates an example of the
generated thermal profile at the end of phase 1.
Plastic flowmodel
3D single-body plastic flowmodelswere set up in accor-
dance with the dimensions shown in Figure 4(a,b) so
that the conditions in Table 1 could bemodelled. As can
be seen, several approaches were employed to reduce
the amount of elements required and therefore the
computational time. First, the 3D models were specif-
ically designed to focus on the weld region, i.e. 10mm
either side of the weld interface for the geometry dis-
played in Figure 2. Second, only half of the volume
of the workpieces was modelled, which was deemed
acceptable because the process is approximately sym-
metric about the x–z plane along the centre of thework-
piece, therefore giving full weld representation [28].
For 2D LFW process models, a mesh with an ele-
ment size below 0.25mm [1,5,13,25] is sufficient to
capture the plastic deformation at theweld interface. 3D
LFW process models require substantially more time
than 2D models to complete a simulation owing to the
increased element count, and terms included in the
heat and mass flow equations. As such, many authors,
when using DEFORM-3D to model friction welding-
based processes, often use slightly larger elements at
the plastic deformation zones. For example, whenmod-
elling the friction stir [29,30] and friction stir spot [31]
welding processes, the plastic deformation zone was
meshed with elements of between 0.8 and 0.5mm in
size. Therefore, a uniformmeshwas applied throughout
the workpieces which had elements that were approxi-
mately 0.5mm in size. The generated thermal profiles
from section ‘Thermal model’ were then mapped onto
the plastic flow models, as shown in Figure 4(a,b).
The constitutive material data used was the same
as previously reported [5,13]. In summary, the mate-
rial flow stresses were obtained from stress and strain
curves for temperatures, strains and strain rates up to
1500°C, 4 and 1000 s−1, respectively. The values for the
thermal conductivity, specific heat capacity, emissivity,
and heat transfer to the tooling and environment were
identical to the values used for the thermal models.
Unlike previous work documented in the literature
[1,5,13,25], the modelling approach presented in this
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Figure 4. Plastic ﬂowmodels showing the dimensions and symmetry plane for the conditions oscillated in the: (a) 20mm interface
dimension, and (b) 40mm interface dimension. Note that the grey objects represent the displacement dies and are not included in
the dimensions.
paper used a ‘retrospective’ analysis. This meant that
the amplitude and burn-off displacement histories were
taken from the experiments and used as process inputs
for the models; herein lies the novelty of the LFWmod-
elling approach. The advantage of this approach is that
the process inputs can be defined as ‘paths’ instead of
‘forces’, allowing the conjugate gradient solver to be
used, which, according to the DEFORM users’ manual,
reduces the computational time and storage memory.
The oscillation and burn-off displacements were pre-
scribed on the lower and upper dies, respectively. Each
model was given a time-step so that it approximately
travelled a third of the interface mesh element thick-
ness per iteration. The thermal and mechanical aspects
of the analysis were coupled. A re-mesh was initiated
every 0.1 s for all cases. Several responses were recorded
from the models, including the thermal fields, strain
rates and extent of flowing material.
Results and discussion
Experimental displacement histories
The experimental displacement histories from phase 2
onward that were used for input data for the LFW pro-
cessmodels are displayed in Figure 5.Note that the axial
shortening exceeds the specified burn-off values dis-
played in Table 1. This was due to extra material being
expelled from the interface during the ramp-down of
the oscillatory motion, which occurs once the desired
burn-off has been achieved. Another observationworth
commenting on is the burn-off rate. For the condi-
tions in Figure 5(a), the steady-state burn-off rate was
6mm s−1, while in Figure 5(b) it was 7.1mm s−1. This
observation was reported previously [1] and is a con-
sequence of the material being expelled more quickly
when the workpiece is oscillated along the shorter of
the two interface contact dimensions.
Material flow and thermal fields
TMAZ and flash observations
As shown in Figure 6, and in agreement with previ-
ous 2D FEA work [1,5], the 3D models showed that
the boundary temperature between the rapidly flowing
flash and material with negligible flow approximately
corresponded to the β-transus for this alloy (980°C to
1010°C). This is because significant material softening
occurs at this temperature. For an identical combi-
nation of process inputs, the models showed that the
extent of the TMAZ decreased when the workpieces
were oscillated along the shorter of the two interface
contact dimensions, i.e. the 20mmdimension. Thiswas
because this condition had a higher burn-off rate, which
increased the rate at which hot material was expelled
from the weld interface [1,32]. This reduced the time
the heat had to conduct back from the weld interface,
reducing the extent of the material above the β-transus
and therefore the TMAZ, as can be seen in Figure 7.
According to the models, the TMAZ was 1.45mm for
the weld oscillated along the 40mm interface dimen-
sion and 0.76mm for the weld oscillated along the
20mm interface dimension. The experimental welds
that the models replicated support this observation,
as shown in Figure 8. The experimental values were
slightly lower than the models, which was probably due
to the assumptions associated with the models, such as
choice of mesh size, flow stress and thermal conduc-
tivity data. Figure 8 also shows that the weld interface
had a fine, recrystallisedmicrostructure, surrounded by
deformed parentmaterial grains, which is in agreement
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Figure 5. Experimental displacement histories from phase 2
onward for a frequency, amplitude, applied force and burn-oﬀ
of 50 Hz, 2.7mm, 100 kN and 3mm, respectively for the exper-
iment oscillated in the: (a) 40mm interface dimension and (b)
20mm interface dimension.
with the literature [1,5,33,34].Moreover, the weld oscil-
lated along 20mm interface dimension had a decreased
interface temperature, as shown in Figure 7. This was
because thematerial farther back from the interfacewas
much cooler in this weld. When this cooler material
reached theweld interface, it effectively cooled theweld,
producing a lower interface temperature, which is in
agreement with the literature [1,32]. Based on the above
findings, there may be a benefit to oscillating the work-
pieces along the shorter of the two interface–contact
dimensions when producing Ti–6Al–4V welds as the
lower temperatures may reduce the generated residual
stresses [23,24,26,33].
Despite the models capturing the weld phenom-
ena of the experimental TMAZ, some criticisms of the
models must be made. As shown in Figure 6, the inter-
face mesh appears to have been too large to capture
the distinct ‘rippling’ effect that was observed in the
flash of the experimental welds. Furthermore, the peak
Figure 6. Appearance of the models for: (a) the experiment
oscillated in the 40mm interface dimension and (b) the experi-
ment oscillated in the 20mm interface dimension.
Figure 7. Thermal histories recorded from the models during
phase 3 (equilibrium phase) of the LFW process.
strain rates recorded from the 3Dmodels were between
440 and 500 s−1 – far lower than the values of between
800 and 1500 s−1, predicted by comparable 2D process
models with a finer mesh [1,4,5]. Modelled strain rates
are known to be under-predicted when the mesh ele-
ment size is increased in LFW process models [13].
An obvious solution would be to decrease the element
size of the 3D models; however, this would increase
the computational time. The 3D models in this work
already took between 4 and 6 weeks to complete a
SCIENCE AND TECHNOLOGY OF WELDING AND JOINING 7
Figure 8. Experimental TMAZ for: (a) the experiment oscillated
in the 40mm interface dimension and (b) the experiment oscil-
lated in the 20mm interface dimension.
simulation on a high performance PC, even with the
‘retrospective’ analysis being employed; far longer than
the 12 h required for a comparable 2D LFW process
model [4].
Interface corner phenomena
Addison [34,35] noted that the corners of the weld
interface can contain a small, unbonded region, as
shown in Figure 9(a). Insufficient bonding at the inter-
face results in welds having poorer mechanical prop-
erties [34,36]. As such, the developed 3D models were
used to investigate thematerial flow at the corners of the
weld interface, something that has not been investigated
before. As shown in Figure 9(b), the unbonded regions
at the corners are very noticeable at low burn-off values.
According to the models, as the burn-off progresses,
heat from the flash and interface conducts into the cor-
ners causing them to soften and plastically deform. This
results in the corner material merging with the rest of
the interface, forming a bond, as shown in Figure 6,
eliminating a source of inferior mechanical properties
[34,36].
Conclusions
The primary conclusions from this work are as follows:
• A novel LFW process modelling technique, the ‘ret-
rospective’ analysis, was presented. The advantage
of this technique is that the process inputs can be
Figure 9. Weld interface corner bonding: (a) an unbonded
region in an experimental Ti–6Al–4V ‘T’ joint linear friction weld
(image courtesy of TWI) and (b) FEA showing an unbonded
region at the interface corners for a low burn-oﬀ.
defined as ‘paths’ instead of ‘forces’ allowing the con-
jugate gradient solver to be used, which decreases
the required computational time and memory stor-
age. The limitation of this approach is that prior
knowledge of the displacement histories must be
known.
• An interface mesh element size of 0.5mm appeared
to be sufficient to capture the general experimental
trends of the process, such as the thermal fields and
the extent of the TMAZ. However, these elements
were too large to capture the finer material flow phe-
nomena, such as the distinct ‘rippling’ effect in the
flash.
• The models showed that the TMAZ and weld inter-
face temperature are reduced when the workpieces
are oscillated along the shorter of the two interface
contact dimensions.
• Unbonded regions can occur at the corners of the
weld interface. According to the 3D LFW process
models, these unbonded regions can be eliminated
by increasing the burn-off.
• The work showed that although the 3D models cap-
tured the multi-directional flow behaviour of the
process, the computational time requirements were
still large, even with the retrospective analysis being
employed. This suggests that parametric studies are
better achieved by 2D LFW process models.
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